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ABSTRACT 

Maximum Space S h u t t l e  f u s e l a g e  temperatures  which 
occur  d u r i n g  a t y p i c a l  e n t r y  are compared wi th  maximum Space 
Tug tempera tures  du r ing  an aerobraked r e t u r n  from synchronous 
o r b i t  t o  l o w  c i r c u l a r  o r b i t .  S h u t t l e  peak temperature  i s  o f  
t h e  o r d e r  of  2300’ R assuming t h e  h e a t  s h i e l d  t o  have u n i t  
e m i s s i v i t y .  This  i s  s u b s t a n t i a l l y  less than  t h e  3000 + 4500O R 
exper ienced  by high b a l l i s t i c  c o e f f i c i e n t  ( ~ 1 0 0  l b s / f t  2 ) s i n g l e  
p a s s  aerobraked t u g s  and i s  of t h e  same o r d e r  as low b a l l i s t i c  
c o e f f i c i e n t  ( ~ 5  l b s / f t  1 t ugs .  The l o w e r  s h u t t l e  tempera tures  
are i n  large p a r t  due t o  both a lower e n t r y  v e l o c i t y  and l o w e r  
e n t r y  ang le  t o  t h e  s e n s i b l e  atmosphere than  t h e  t u g s  exper ience .  

angle  r e s u l t s  i n  h ighe r  peak tempera tures  a t  lower a l t i t u d e s ;  
an i n c r e a s e  i n  b a l l i s t i c  c o e f f i c i e n t  has  t h e  same e f f e c t ;  an  
i n c r e a s e  i n  e n t r y  v e l o c i t y  i n c r e a s e s  peak hea t ing ;  and, f o r  
a f i x e d  e n t r y  ang le ,  an i n c r e a s e  i n  p o s i t i v e  L/D reduces peak 
tempera ture  and increases t h e  a l t i t u d e  a t  which it occurs .  

2 

For both types  o f  v e h i c l e s ,  an i n c r e a s e  i n  e n t r y  

I n  t h e  g e n e r a l  ca se ,veh ic l e  temperature  v a r i a t i o n  
i n  t h e  a l t i t u d e  r eg ion  from atmospheric  e n t r y  (~~400,000 f t )  
t o  t h e  p o i n t  where peak hea t ing  occur s  i s  c o n t r o l l e d  by t h e  
s l o w  v a r i a t i o n  of  atmospheric d e n s i t y  w h i l e  temperature  
v a r i a t i o n  a f t e r  t h e  p o i n t  of peak h e a t i n g  t o  ~ 5 , 0 0 0  f t  lower 
i n  a l t i t u d e  i s  c o n t r o l l e d  by t h e  r a p i d  v a r i a t i o n  of v e h i c l e  
v e l o c i t v .  
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Space S h u t t l e  Mission P r o f i l e  

Reference 1 desc r ibes  a t y p i c a l  two-stage Space 
S h u t t l e  v e h i c l e  c o n s i s t i n g  of a b o o s t e r ,  which exper iences  
r e l a t i v e l y  l o w  s u r f a c e  hea t ing  d u r i n g  i t s  r e t u r n  t o  base, and 
an orbi ter ,  which aerobrakes  wi th  h i g h e r  s u r f a c e  h e a t i n g .  As 
r ,eference 1 shows, t h e  o r b i t e r  deboos ts  from l o w  e a r t h  o r b i t ,  
e n t e r s  t h e  atmosphere wi th  f l i g h t  p a t h  angle  of -1.5" and 
speed of ~ 2 5 , 2 0 0  f t / s e c ,  holds a 60" angle  of a t t a c k  (- % . 5 ,  

and b a l l i s t i c  c o e f f i c i e n t  ~ 2 6  l b s / f t  ) through t h e  h igh  h e a t i n g  
regime, t hen  execu te s  a landing  maneuver. When t h e  v e h i c l e  i s  
a t  60" ang le  of a t t a c k ,  maximum f u s e l a g e  h e a t i n g  occurs  on t h e  
unde r s ide  immediately a f t  of t h e  nose.  Leading edges are n o t  
cons idered  i n  t h i s  a n a l y s i s .  

L 
D 2 

Space Tug Mission P r o f i l e  

Reference 2 describes a Space Tug which starts from 
synchronous e a r t h  o r b i t ,  makes one aerobraking  pass  through 
t h e  atmosphere,  and ends up i n  l o w  c i r c u l a r  o r b i t .  The t u g  
c o n s i s t s  of a c y l i n d r i c a l  core ,  50 f t  long  x 14 f t  diameter, 
p r o t e c t e d  by a r eusab le  r a d i a t i v e  h e a t  s h i e l d .  F o r  t h e  p r e s e n t  
s t u d y ,  t h r e e  d i f f e r e n t  h e a t  s h i e l d  c o n f i g u r a t i o n s  are examined: 
a hemisphere which caps one end of t h e  c y l i n d e r ,  a c y l i n d e r  
which i s  c o n c e n t r i c  w i th ,  or wraps around, t h e  co re  v e h i c l e ,  
and a f l a t  p l a t e  which i s  tangent  t o  t h e  core v e h i c l e  c y l i n -  
d r i c a l  s u r f a c e .  The b a l l i s t i c  e n t r y  mode f o r  t h e  hemisphere 
c o n f i g u r a t i o n  has  flow impinging on t h e  hemisphere p a r a l l e l  
t o  t h e  c y l i n d e r  a x i s .  For t h e  c o n c e n t r i c  c y l i n d e r  c o n f i g u r a t i o n ,  
t h e  ba l l i s t i c  mode has  flow impinging normal t o  t h e  c y l i n d e r  
a x i s .  F i n a l l y ,  f o r  t h e  f l a t  p l a t e  mounted ahead of t h e  c y l i n d e r ,  
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b a l l i s t i c  e n t r y  assumes flow normal t o  t h e  p l a t e .  S ingle-pass  
b a l l i s t i c  e n t r y  miss ions  a r e  examined f o r  a l l  t h e  t u g s ,  and 
p o s i t i v e  and n e g a t i v e  l i f t  missions are inc luded  f o r  t h e  hemi- 
sphere-capped t u g .  Ent ry  parameters  f o r  t h e  hemisphere-capped 
t u g  inc lude  d r a g  c o e f f i c i e n t  of u n i t y ,  b a l l i s t i c  c o e f f i c i e n t  o f  

97.5 l b S / f t  , - - -0.3, 0.0, 0.3, e n t r y  ang le s  of -4.6', -5.0°, 
-5.9', and e n t r y  v e l o c i t y  of 33,800 ft /sec.  Those f o r  t h e  
c y l i n d r i c a l  h e a t  s h i e l d  c o n f i g u r a t i o n  inc lude  d r a g  c o e f f i c i e n t  
of 1.25, b a l l i s t i c  c o e f f i c i e n t  o f  17.8 l b s / f t  E -  - 0.0, e n t r y  
ang le  of  -4.45', and e n t r y  v e l o c i t y  of ~33,800 f t / s e c .  Parameters 
f o r  t h e  f l a t  p l a t e  h e a t  s h i e l d  c o n f i g u r a t i o n  are d rag  c o e f f i c i e n t  

of 1.7, b a l l i s t i c  c o e f f i c i e n t  of 4.0 l b s / f t  , 5 - - 0.0, e n t r y  
ang le  of -4.03', and e n t r y  v e l o c i t y  of ~33,800 f t /sec.  

TemDerature P r o f i l e s  

F igure  1 shows t h e  maximum f u s e l a g e  tempera tures  of  
the  t u g s  and s h u t t l e  as a func t ion  of  a l t i t u d e .  The v e h i c l e  
s u r f a c e  is  assumed t o  be i n  r a d i a t i v e  e q u i l i b r i u m  wi th  a s u r f a c e  
e m i s s i v i t y  of  u n i t y ,  and gasdynamic r a d i a t i v e  h e a t i n g  i s  assumed 
t o  be n e g l i g i b l e .  S t a r t i n g  from e n t r y  a l t i t u d e ,  t empera tures  
i n c r e a s e  w i t h  dec reas ing  a l t i t u d e  a t  s i m i l a r  r a t e s  f o r  each 
v e h i c l e  u n t i l  they  peak. Below LL- CIIG alt i t i ide of pedk t empera ture ,  
which d i f f e r s  f o r  each v e h i c l e ,  t h e  tempera ture  drop p r e c i p i t o u s l y  
f o r  t h e  nex t  5-6,000 f t .  F o r  t h e  S h u t t l e ,  a f te r  t h e  sha rp  drop  
has  occurred ,  temperature  cont inues  t o  drop more s lowly as t h e  
l a n d i n g  maneuver i s  executed. I n  t h e  case of  t h e  t u g ,  t h e  curve  
terminus s i g n i f i e s  p e r i a p s i s ,  where t h e  v e h i c l e  makes i t s  c l o s e s t  
approach t o  t h e  p l a n e t  su r f ace .  P a s t  p e r i a p s i s ,  t h e  t u g  moves 
away f r o m  t h e  p l a n e t ,  and i ts  s u r f a c e  h e a t i n g  decreases ( n o t  
shown). 

TemDerature Maunitudes 

The S h u t t l e  temperature  peaks a t  ~2,300' R a t  
~255,000 f t  a l t i t u d e ,  w h i l e  t h e  peak t u g  tempera tures  range 
from 2200' R a t  275,000 f t  t o  4550' R a t  190,000 f t .  There 
are  s e v e r a l  reasons  f o r  the tempera ture  peak d i f f e r e n c e s  and 
some w i l l  be p r e s e n t l y  discussed. 

One parameter ,  which d i f f e r s  f o r  t h e  t u g  and s h u t t l e ,  
is e n t r y  v e l o c i t y .  For  a given v e h i c l e ,  as e n t r y  v e l o c i t y  i s  
i n c r e a s e d ,  v e l o c i t y  a t  maximum h e a t i n g  i n c r e a s e s  approximately 
l i n e a r l y .  (3) Because hea t ing  i s  p r o p o r t i o n a l  t o  v e l o c i t y  cubed, 
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a moderate i n c r e a s e  i n  e n t r y  v e l o c i t y  w i l l  produce a l a r g e  
i n c r e a s e  i n  h e a t i n g  r a t e .  
rium, where s u r f a c e  temperature  i s  p r o p o r t i o n a l  t o  t h e  f o u r t h  
r o o t  of h e a t i n g  r a t e ,  t h e  temperature  i n c r e a s e s  as t h e  3/4 
power of t h e  e n t r y  v e l o c i t y .  Thus, f o r  a s h u t t l e  e n t r y  
v e l o c i t y  of 2 5 , 2 0 0  f t /sec,  and a t u g  e n t r y  v e l o c i t y  of 
33 ,800  f t / s e c ,  t h e  temperature  i n c r e a s e  due t o  t h e  h i g h e r  
e n t r y  v e l o c i t y  i s  about  2 5 % .  

I n  t h e  case of r a d i a t i v e  e q u i l i b -  

The b a l l i s t i c  c o e f f i c i e n t  d i f f e r s  among t h e  t u g s  
and t h e  s h u t t l e .  According t o  approximate s o l u t i o n s  i n  
r e f e r e n c e  3 ,  t h e  a l t i t u d e  a t  which peak h e a t i n g  occur s  i s  

p r o p o r t i o n a l  t o  I n  -, where C1 i s  a c o n s t a n t  and B i s  t h e  
b a l l i s t i c  c o e f f i c i e n t .  Thus, a s  F igu re  1 shows f o r  t h e  d i f -  
f e r e n t  t u g s ,  i n c r e a s i n g  B should decrease t h e  a l t i t u d e  of 
peak h e a t i n g .  A l s o ,  a s  a l t i t u d e  of peak h e a t i n g  decreases, 
a tmospheric  d e n s i t y  du r ing  peak h e a t i n g  i n c r e a s e s .  Because 
h e a t i n g  r a t e  i s  p r o p o r t i o n a l  t o  t h e  square  root of d e n s i t y ,  
h e a t i n g  r a t e  w i l l  i n c r e a s e ,  and t h u s  tempera ture  w i l l  i n c r e a s e  
w i t h  i n c r e a s e  i n  B. F o r  t h e  t u g s ,  t h i s  t r e n d  i s  corroborated 
by t h e  r e s u l t s  i n  F igure  1. I f  t h e  r e t u r n  payload of t h e  
s h u t t l e  w e r e  i n c r e a s e d  t h e n ,  accord ing  t o  t h e  above r e s u l t s ,  
t h e  peak tempera tures  would i n c r e a s e ,  and t h e  a l t i t u d e  a t  
which t h e s e  tempera tures  would occur  would decrease. 

c1 
B 

Ent ry  ang le  d i f f e r s  f o r  a l l  v e h i c l e s  examined. 
From s imple  geometr ic  reasoning ,  it would appear  t h a t  
d e c r e a s i n g  t h e  e n t r y  angle  would a l low t h e  v e h i c l e  t o  
perform i t s  maneuvers a t  h igher  a l t i t u d e s .  I n  f a c t ,  t h e  
approximate s o l u t i o n s  of  r e f e r e n c e  3 show t h a t  e n t r y  ang le  
i s  r e l a t e d  t o  a l t i t u d e s  of peak h e a t i n g  i n  t h e  same manner 
as b a l l i s t i c  c o e f f i c i e n t .  Thus ,  a s  t h e  t u g  cu rves  show, 
i n c r e a s i n g  e n t r y  ang le  f o r c e s  t h e  v e h i c l e  t o  expe r i ence  
h i g h e r  peak h e a t i n g  a t  lower a l t i t u d e s .  An i n c r e a s e  i n  
t h e  s h u t t l e  e n t r y  ang le  would cause an increase i n  peak 
h e a t i n g  a t  a lower a l t i t u d e .  

As r e f e r e n c e  2 shows, f o r  a t u g  a t  f i x e d  e n t r y  
a n g l e ,  use  of p o s i t i v e  l i f t  r e s u l t s  i n  lower peak tempera- 
t u r e s ,  whi le  n e g a t i v e  l i f t  r e s u l t s  i n  h i g h e r  peak tempera- 
t u r e s .  F igure  2 shows t h a t  f o r  f i x e d  e n t r y  a n g l e ,  n e g a t i v e  
l i f t  r e s u l t s  i n  lower p e r i a p s i s  a l t i t u d e  w h i l e  p o s i t i v e  
l i f t  r e s u l t s  i n  h ighe r  p e r i a p s i s  a l t i t u d e .  Th i s  i s  reason-  
a b l e ,  f o r  p o s i t i v e  l i f t  t ends  t o  f o r c e  a v e h i c l e  t o  h i g h e r  
a l t i t u d e s ,  whi le  n e g a t i v e  l i f t  t e n d s  t o  p u l l  t h e  v e h i c l e  
t o  lower a l t i t u d e s .  The t u g  curves  i n  F igure  1 appear  t o  
show t h e  oppos i t e  e f f e c t ,  peak tempera ture  i n c r e a s i n g  wi th  
p o s i t i v e  E, and p e r i a p s i s  a l t i t u d e  dec reas ing  wi th  p o s i t i v e  

D i n c r e a s e .  However, it i s  t h e  i n c r e a s e  i n  e n t r y  ang le  ( f o r  
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t h e  hemisphere cu rves )  which accompanies t h e  i n c r e a s e  i n  - L 
D 

t h a t  causes  t h e  h ighe r  hea t ing .  For f i x e d  e n t r y  a n g l e ,  u se  
of p o s i t i v e  l i f t  reduces t h e  v e h i c l e  k i n e t i c  energy which i s  
d i s s i p a t e d  by d r a g  f o r c e s .  Thus, t o  remove a given amount of 
energy ,  as i s  t h e  case f o r  a s i n g l e  pas s  ae robrak ing  mis s ion ,  
t h e  e n t r y  ang le  must be  inc reased  and t h e  v e h i c l e  can then  
p e n e t r a t e  t o  l o w e r  a l t i t u d e s .  The curve  t e r m i n a l  p o i n t s  i n  
F igu re  2 denote  s i n g l e  p a s s  miss ions ,  and c l e a r l y  show how 
p e r i a p s i s  a l t i t u d e  dec reases  wi th  i n c r e a s i n g  l i f t .  

V e h i c l e  shape h a s  a major i n f l u e n c e  on surface 
h e a t i n g .  An i n c r e a s e  i n  r a d i u s  of c u r v a t u r e  r e s u l t s  i n  a 
decrease i n  l oca l  convec t ive  h e a t i n g .  Thus, a f l a t  p l a t e  
heat  s h i e l d  has less s u r f a c e  h e a t i n g  t h a n  a sphe re  of s i m i l a r  
c r o s s - s e c t i o n .  A l s o ,  a c y l i n d e r  has  7 3 %  of  t h e  s t a g n a t i o n  
h e a t i n g  r a t e  of a s imilar  diameter  sphe re .  Thus, there i s  
a s e p a r a t i o n  between t h e  t u g  curves  on F igure  1 due t o  a 
c o n f i g u r a t i o n  effect .  The s h u t t l e  r eg ion  of maximum h e a t i n g  
i s  r e l a t i v e l y  f l a t ,  r e s u l t i n g  i n  l o w  f u s e l a g e  h e a t i n g  rates. 

Temperature Gradien ts  

The shape of t h e  temperature  curves  i n  F igu re  1 
f r o m  a tmospheric  e n t r y  t o  s l i g h t l y  beyond t h e  point of peak 
h e a t i n g  w i l l  now be m o r e  c l o s e l y  examined. 

S t agna t ion  p o i n t  convect ive h e a t i n g  Qs may be 
( 3 )  w r i t t e n  as 

Qs = Cp 1 4 7 3  

where c i s  a c o n s t a n t ,  p is  l o c a l  a tmospheric  d e n s i t y ,  and 
V i s  v e h i c l e  v e l o c i t y .  

With t h e  assumption of r a d i a t i v e  e q u i l i b r i u m ,  
convec t ive  heat  f l u x  Qs may be equated  t o  energy r a d i a t e d  
f r o m  the heat s h i e l d  s u r f a c e  t o  y i e l d  a s u r f a c e  tempera ture  T s  
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where E is t h e  s u r f a c e  e m i s s i v i t y ,  and u i s  t h e  S te fan -  
Boltzmann c o n s t a n t .  Equate (1) t o  ( 2 )  t o  g e t :  

T s = C p  1 1/8v3/4 

where C1 is c o n s t a n t .  

Densi ty  may be  w r i t t e n ,  assuming an e x p o n e n t i a l  
atmosphere ( 3 )  , as 

Z 
P = P o  e H  

-- 

is  atmospheric d e n s i t y  a t  z=O, and 
P O  

where z i s  a l t i t u d e ,  
H is  atmospheric  d e n s i t y  s c a l e  h e i g h t  and may be taken  a s  
22,500 f t .  ( 3 )  

An expres s ion  f o r  v e l o c i t y  i s  ob ta ined  by curve 
f i t t i n g  t h e  v e l o c i t y - a l t i t u d e  p l o t s  of F igure  3. These 
curves apply t o  t h e  t u g  w i t h  hemisphe r i ca l  h e a t  s h i e l d  i n  
b o t h  a l i f t i n g  and b a l l i s t i c  mode, b u t  are similar tc! t h e  
o t h e r  t u g s  and t h e  s h u t t l e  as w e l l .  They are r e p r e s e n t e d  
mathemat ica l ly  by t h e  equat ion:  

H 

( 3 )  

( 4 )  

(5) 

where Ve i s  e n t r y  v e l o c i t y  (Z=400 ,000  f t . )  , V 

v e l o c i t y ,  and Zp i s  p e r i a p s i s  a l t i t u d e .  
i s  p e r i a p s i s  

P 

Temperature Ts may now be  w r i t t e n  a s  

)”’ V V p  -3.5 (z-Zp) z 
T S  = ck e-= (1 - [TI e H 

where C k  i s  a c o n s t a n t .  
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I t  is t h e  product  of t w o  t e r m s ,  and i t s  v a r i a t i o n  

2 
is t h e  p roduc t  of t h e  v a r i a t i o n  of each t e r m .  

factor e 8H, causes  temperature  t o  decrease  w i t h  i n c r e a s i n g  
a l t i t u d e ,  wi th  an e - f o l d i n g  d i s t a n c e  ( d i s t a n c e  i n  which a 
q u a n t i t y  changes by l /e)  of 8H, or  180,000 f t .  The v e l o c i t y  

The d e n s i t y  
-- 

(2-2 1 
H r4 , causes  tempera ture  t o  

v -v 
e-3*5 2 

i n c r e a s e  w i t h  i n c r e a s i n g  a l t i t u d e ,  w i th  an e - f o l d i n g  d i s t a n c e  
of 7 , 0 0 0  f t .  from p e r i a p s i s .  Thus, s t a r t i n g  f r o m  p e r i a p s i s  
and proceeding h i g h e r  i n  a l t i t u d e ,  t h e  tempera ture  i n c r e a s e s  
r a p i d l y  due t o  t h e  v e l o c i t y  t e r m ,  peaks when t h e  v e l o c i t y  
t e r m  i s  of t h e  same o r d e r  as t h e  d e n s i t y  t e r m ,  t h e n  decreases 
s lowly  wi th  a l t i t u d e  as it fol lows t h e  d e n s i t y  t e r m .  The 
r e g i o n  of d e v i a t i o n  of t h e  temperature  curve from t h e  expo- 

n e n t i a l  d e n s i t y  dependence, e 8H, n e a r  p e r i a p s i s  i s  about  
8 , 0 0 0  f t ,  which i s  of t h e  order of t h e  e - fo ld ing  d i s t a n c e  
due t o  v e l o c i t y  change. Also, a t  h igher  a l t i t u d e s ,  t h e  
s l o p e  of t h e  tempera ture  curve follows t h e  slope of the 
d e n s i t y  cu rve ,  and i n c r e a s e s  w i t h  i n c r e a s i n g  a l t i t u d e .  

z -- 

Materials f o r  Thermal P r o t e c t i o n  Systems 

On t h e  l e f t  hand p o r t i o n  of F igure  1 are p r i n t e d  
cand ida te  heat s h i e l d  m a t e r i a l s ,  where t h e  t i c  a d j o i n i n g  
each material  name denotes  t h e  maximum r e c y c l i n g  tempera ture  
wh ich  t h e  m a t e r i a l  could  wi ths tand  o p e r a t i n g  i n  a r e u s a b l e  
mode. ( 4 )  These m a t e r i a l s  a r e  assumed t o  r e q u i r e  c o a t i n g  f o r  
purposes  of o x i d a t i o n  r e s i s t a n c e .  

The peak h e a t i n g  reg ion  of t h e  s h u t t l e  i s  s l i g h t l y  
above t h e  Incone l  range ,  b u t  s a f e l y  w i t h i n  t h e  domain of 
C o l u m b i u m .  This  s t a t e m e n t  a p p l i e s  as w e l l  t o  t h e  f l a t  p l a t e  
t u g  h e a t  s h i e l d .  For  t h e  c o n c e n t r i c  c y l i n d e r ,  Tantalum may 
be  u t i l i z e d  i n  a conse rva t ive  des ign .  F i n a l l y ,  f o r  t h e  
hemispher ica l  t u g  h e a t  s h i e l d s ,  p r a c t i c a l  des ign  n e c e s s i t a t e s  
u t i l i z a t i o n  of h igh  temperature  materials, such as t h e  ZrB2 
a l l o y  mentioned on F igu re  1, o r  a Carbon-Carbon a l l o y .  

RQq R. N. Kostoff 
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